With increasing focus on the structural elucidation of polymers, advanced tandem mass spectrometry techniques will play a crucial role in the characterization of these compounds. In this contribution, synthesis and analysis of methyl initiated and xanthate terminated poly (2-ethyl-2-oxazoline) using Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry was achieved. Electron capture dissociation (ECD) produced full end group characterization as well as back bone fragmentation including complete sequence coverage of the polymer. A method of fragment ion characterization is also presented with the use of the high resolution modified Kendrick mass defect plots as a means of grouping fragments from the same fragmentation pathways together. This type of data processing is applicable to all tandem mass spectrometry techniques for polymer analysis but is made more effective with high mass accuracy methods. ECD FT-ICR MS demonstrates its promising role as a structural characterization technique for polyoxazoline species.
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ABSTRACT: With increasing focus on the structural elucidation of polymers, advanced tandem mass spectrometry techniques will play a crucial role in the characterization of these compounds. In this contribution, synthesis and analysis of methyl initiated and xanthate terminated poly (2-ethyl-2-oxazoline) using Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry was achieved. Electron capture dissociation (ECD) produced full end group characterization as well as back bone fragmentation including complete sequence coverage of the polymer. A method of fragment ion characterization is also presented with the use of the high resolution modified Kendrick mass defect plots as a means of grouping fragments from the same fragmentation pathways together. This type of data processing is applicable to all tandem mass spectrometry techniques for polymer analysis but is made more effective with high mass accuracy methods. ECD FT-ICR MS demonstrates its promising role as a structural characterization technique for polyoxazoline species.
Polyoxazolines have recently gained interest as an alternative to poly(ethylene glycol) (PEG) based conjugate species for drug delivery, due to their biological compatibility and in particular their stealth behavior in vivo. 1, 2 The use of polyoxazolines over PEG can be justified by a decrease in immunogenicity and because of the potential for better synthetic control and more structural diversity. [3] [4] [5] Properties of polyoxazolines are related to their chemical composition, size, and initiating and terminating end groups. 6 With increasing complexity, there has been a shift in focus on the analysis of the structure of polyoxazolines by tandem mass spectrometry. [7] [8] [9] Ultra-high resolution mass spectrometry techniques such as Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) can provide fragmentation analysis of polymeric species to determine their structure. Electrospray ionization (ESI) as a means to analyze polyoxazolines has been well established, 10, 11 and multiply charged species are produced which allows the use of electron capture methods. 12 The use of electron capture dissociation (ECD) fragmentation is limited in the analysis of polymers, 8, [13] [14] [15] although ECD analysis of polymeric excipients has been carried out successfully. 16, 17 The N-Cα bond adjacent to the amide group is broken when ECD fragmentation occurs in peptides and proteins, 18 making the repeating amide unit within a polyoxazoline a promising target for fragmentation analysis.
The non-selective fragmentation provided by ECD allows much more predictable fragmentation pathways to be present than that of other methods, such as collision-induced/activated dissociation (CID/CAD).
As ECD is a radical-based rather than ergodic technique, the fragmentation coverage is less affected by the presence of particularly weak covalent bonds in the molecule. 19 Analysis of polymers by CID regularly shows the polymer backbone "unzipping" through a series of rearrangements. 20 When the polymer is capable of rearrangements allowing monomer release from the major species, then it is common to see near complete backbone fragmentation coverage. [21] [22] [23] [24] There are other examples of radicals being produced as part of the ionization process initiating fragmentation down the polymer backbone as part of a radical reaction. [25] [26] [27] CID analysis of polyoxazoline species has often been based on the CID dissociation voltages used to produce fragmentation. 28, 29 CID dissociation measurement varies with internal energy deposition differences between instruments, and is often highly reliant on the strength of bonds within the polymer end groups, as they may fragment before elucidation of the complete polymer chain itself.
Kendrick mass defect (KMD) analysis is used to characterise complex petroleum spectra 30 by normalising the mass defect to the CH2 group, the most common repeating unit within these samples. , 31 Modifying the masses to the homologous series helps simplify complex spectra by grouping measured ions into classes based on their heteroatoms and double bond equivalents. Similarly, modified mass defects are seeing extensive use in the analysis of polymers and complex polymeric samples normalizing the mass defect to that of the homologous series of the monomer instead of CH2. A "modified" KMD (MKMD) [32] [33] [34] [35] [36] [37] can visualize high resolution data based on a fractional base unit allowing even more precise assignment with tandem mass spectrometry, 33 the MKMD groups the fragments based on their end group and adduct variation from different fragmentation pathways.
In this study we report the characterisation of methyl and hydrogen initiated polyoxazolines by ECD fragmentation and how the complex fragmentation patterns can be separated using the MKMD. The use of ECD fragmentation on the polyoxazolines also showed end group fragmentation that allowed complete structural analysis.
Experimental Section:

Synthesis of poly(2-ethyl-2-oxazoline):
Microwave synthesis of the poly(2-ethyl-2-oxazoline) was carried out with the reaction capped with the use of ethyl xanthate. A full synthetic methodology is given in the supplementary information.
MS Sample Preparation:
The polyoxazoline sample was dissolved into a 99.5% solution of purified water obtained from a Direct-Q3 Ultrapure Water System (Millipore, Lutterworth, United Kingdom) at 20 μM in 0.5% formic acid (Sigma-Aldrich, Dorset, United Kingdom).
FT-ICR MS analysis:
All experiments were performed on a 12 T solariX Fourier transform ion cyclotron resonance mass spectrometer (Bruker Daltonik, GmbH, Bremen, Germany) using a nanoelectrospray (nESI) ion source in positive ion mode. The ECD was carried out with the use of an indirectly heated hollow cathode with a current set at 1.5 A, with a pulse length of 0.2 s and bias 1.2 eV. All data was recorded using 4 mega-word (2 22 , 32 bit) transients (1.6777 s) achieving approximately 400 thousand resolving power at m/z 400. All mass spectra were internally calibrated by the intact polymer peaks across the polymer distribution, or by internal calibration of fragment peaks in ECD spectra (peaks used for calibration are marked). The peaks used for internal calibration were cross-checked using both the a and x fragment series. The standard deviation of the calibration was 0.07 ppm and the total standard deviation of the assignments in total was 0.7 ppm, making miss-assignment unlikely. The Bruker SNAP algorithm was used for peak picking with the polyoxazoline monomer used as the repeat unit. The Bruker SNAP algorithm matches a calculated isotope distribution adjusted to a repeat unit with increasing mass. [38] [39] [40] Adjusting the mass of the fragment to a function of the monomer was carried out by the modified Kendrick mass analysis importing the mass tables into Excel. 30 Equations 1-3 shows the calculation of the HRMKMr, the value 100 is the rescaling factor linked to the monomer mass unit of the homologous series. 33 The round function is to the nearest integer, up or down. The charge, z is determined by the SNAP peak picking algorithm. Results and Discussion: nano-Electrospray MS analysis, presented in Figure 1 , of the polyoxazoline polymer species produced a rich spectrum due to the inherent dispersity of the polymer and multiple charge states produced. The use of the nESI device under acidified conditions produced mainly protonated ions as well as low levels of mono-and di-sodiated adduct ions. The visible charge states were assigned to protonated 2+ (blue rectangles) and 3+ (blue triangles) methyl initiated polyoxazoline ions. There was also a 4+ protonated species present of a much lower intensity than the other charge and adduct species. The higher mass polymer chains showed a higher average charge state than smaller chains as their increased size stabilizes more charge. The spacing between main peaks corresponds to that of the monomer repeat unit as expected. The use of the Bruker SNAP algorithm brings a significant advantage in mass accuracy, the peak picking is based on the entire isotope envelope which is shifted with a repeat unit as the mass increases. Peak picking based on a repeat unit is especially suited to polymer analysis as the use of an average repeat unit can be avoided. This analysis also showed the presence of a low-level hydrogen initiated by-product of the synthesis process. 41 The most abundant ion of the hydrogen initiated by-product was the triply protonated species. Isolation of the protonated methyl initiated 3+ ion at m/z 739.81971 (n=21) and the protonated hydrogen initiated 3+ ion at m/z 834.21559 (n=24) was carried out separately by both front-end quadrupole isolation and multi-CHEF 42 incell isolation to ensure clean isolation from the rest of the ions. During ECD the ions are held within a close orbit and bathed in low energy fragmentation electrons (cathode voltage 1.2 eV). Figure 2 presents the ECD spectra for the two isolated species.
The ECD event produces an odd electron charge reduced radical cation species which can then follow numerous fragmentation pathways. Common fragmentations observed were neutral losses from the charge capture species as well as backbone fragmentation across the polymer. The ECD spectra of both isolated species show two major fragmentation series, assigned to fragmentation along the polymer backbone, mainly a and x fragments (defined in figure 3). All a and x fragments contain an end group, either the initiating methyl or hydrogen, or the terminating xanthate group, and then a varying number of monomer repeat units, dictated by where in the polymer backbone the fragmentation took place. Both the a and the x fragmentation form a stable imidic end group. Figure 2 . A) and C) ECD spectra of methyl initiated, and hydrogen initiated polyoxazoline respectively with fragmentation maps B) and D), showing clear fragmentation ladders for the 2 key fragment types (marked with red (a) and blue (x) triangles), along with neutral losses indicating end groups (green squares). Intensity of ions outside of the represented range are marked with a multiplication factor of "x10, x5, and x2".
The a fragmentation series of the methyl initiated polyoxazoline was first observed at m/z 187.14399 this contains the methyl end group and two monomer units (a2, 0.61 ppm). This fragmentation series contains 18 monomer spaced fragments ending with m/z 1970.37582 (a20, 0.13 ppm). As the series starts with two monomer units and has a further 18 monomer spaced fragments remaining mass constitutes the terminating xanthate group and a monomer unit. The last fragment in this series would be loss of an ethyl functionalized xanthate group, which is unlikely to occur as it would produce a singly charged, large polymer ion and a charged xanthate group. The xanthate containing series starts at mass m/z 321.13011 (x2, -0.00 ppm) containing the xanthate group and two monomer repeat units. A monomer unit fragmentation series follows this ending at m/z 2005.29034 (x19, 1.43 ppm) which leaves the remainder as two monomer units short. The a fragmentation series of the hydrogen initiated polyoxazoline starts at mass m/z 173.12845 (a2, -0.02 ppm) and the series is monomer spaced to mass m/z 2253.56340 (a23, -0.76 ppm), leaves on monomer and the terminating xanthate group. The x fragmentation series starts with the terminating xanthate and two monomer unit m/z 321.13007 (x2, -0.13 ppm) and has a total of 19 monomer spaced fragments ending at mass m/z 2302.43950 (x22, -0.20 ppm). As the terminating xanthate group was identical between the methyl and hydrogen initiated polyoxazolines the x series fragmentation was also identical.
As a radical directed MS/MS technique, rather than a slow heating process like CAD or IRMPD, ECD produced an evenly distributed fragment coverage of the parent species ( Figure 2 ). Over fragmentation of polymeric species is frequently observed in slow heating processes due to the frequent occurrence and homogeneity of lower energy bonds broken, leading to abundant low m/z fragments. However, ECD produced fragments of relatively even intensity across the entire polymer backbone and complete coverage of the target species. The charge reduced species of both polyoxazolines showed significant neutral losses indicative of the polymer end group chemistry. The charge reduced species of the methyl initiated polyoxazoline [Me(Mon)21Xan]H3 2+• (m/z 1109.22564, -0.7 ppm) and the hydrogen initiated polyoxazoline [H(Mon)24Xan]H3 2+• were both at much lower intensities than the resulting fragments. The low intensities observed suggests the electron capture species is less able to stabilize the radical, contrasting to peptide/protein ECD where the charge reduced species is usually of a higher intensity than the ECD fragments. Figure 4 , below, summarizes the neutral/radical losses from the charge reduced species (marked with *) of the methyl and hydrogen initiated polyoxazoline, from very similar fragmentation pathways. Fragments from the charge reduced state were often indicative of the functional groups. Many fragments observed from the charge reduced species are based on fragmentation from the αcarbon bond to the amide group, and there is also significant fragmentation of the xanthate groups. The doubly charged ion observed at m/z 1102.21816 corresponding to the loss of a methyl radical of the initiating group (α, -0.2 ppm) from the charge reduced species. Fragments observed at m/z 1052.36800 showed loss of the methyl group and a repeating monomer unit (a1, -0.14 ppm). Elucidation of the xanthate group occurred at two points, with the fragmentation of the C-S bond, m/z 1065.22677 (-0.25 ppm) as well as loss of the ethyl functionalized xanthate end group to produce the fragment at m/z 1035.22512 (y1, -0.22 ppm). The presence of these neutral losses from the charge capture species allows precise end group determination of the polymer species. The peak at m/z 1081.21299 can be assigned to a fragmentation of the amide bond itself. This is not a common pathway within ECD fragmentation of peptides but has been documented based on either a loss through secondary fragmentation or due to the nitrogen of the amide itself being protonated or from other ergodic pathways caused by residual collisional activation or the release of coulombic strain. 43 Overall, the ECD mass spectra for both molecules shows a rich coverage of backbone and end group fragmentation. Either through a and x fragmentation resulting in a 1+ backbone fragmentation series or through neutral loss from the charge capture species resulting in end group characterization. A large proportion of the fragments observed resulted from a limited number of fragmentation pathways but with a different number of monomer mass repeat unit. The simplest examples of this is the presence of a and x fragmentation pathways that contain the initiating or terminating end group and the imidic acid formed by the fragmentation itself and then a series of monomer repeat units that all form part of the fragmentation series but are from the same pathway. Grouping fragments as a function of their mass in a way which removes any variation due to difference in monomer number meaning that fragments from the same pathway and end groups can be readily grouped together. SNAP peak picking inherently provides accurate charge state information required for isotope matching, and using this charge allows a neutral mass to be calculated easily. For the MKMD analysis, the charge carriers were not corrected for as this could lead to the potential loss of information, and subsequently can provide information on adduct influence of the various fragmentation process. Rescaling the MKMD value to the high-resolution MKMD value means there is a greater separation in the MKMD diagram compared to the non-scaled mass defects of these species. Use of the HRMKMD meant that different pathways, series, and adducts could be easily assigned to a mass defect value, allowing more obvious identification. Fragment chains with the same end group or modification but a varying number of monomer units were present as evenly spaced horizontal lines ( Figure 5 ). The presence of horizontal lines allowed rapid assignment of the fragmentation. Spacing in the y dimension is due to presence of atoms that are not part of the monomer unit and the x dimension spacing is in overall mass. Almost all the spacing present between points in the x dimension of the same MKMD value is that of a monomer mass unit. The rescaled MKMD plot showed the two major ladders as along horizontal lines moving through the length of the polymer chain and therefore the mass axis of the MKMKD plot. There were also several smaller fragmentation series that were present, spread through numerous MKMD values. As fragments in the same series will have the same repeating composition the end group, adduct, and fragmentation will be constant, allowing grouping of the whole series. The precursor (red) is present at the highest mass in the MKMD plot, as the plot has been charge corrected.
For the methyl initiated polyoxazoline, the fragmentation series at MKMD value of -0.096 shown in purple contains the a fragmented series discussed above. The MKMD value that has been assigned for this fragmentation is based on the presence of the methyl end group and the protonation of the fragment. As the MKMD value is based purely on deviation from the homologous series chosen for the conversion the imidic end group is isobaric to the polyoxazoline repeat, so the methyl group and protonation is all that effects the mass defect. The fragments that are present as purple squares along the same MKMD value are the equally spaced monomer units of that series of fragments. The assignment of the x fragmentation series is the dark blue line at 0.149 MKMD. The series as shown by the MKMD value is equal to that found in the original ECD spectra ( Figure 2 ) allowing complete visualization of the fragment series in one line. Above both a and x series, there are shorter fragment series that have also been highlighted. The fragment series above the a fragmentation series is coloured green, the offset in MKMD value is that of a single proton, meaning these are neutral losses that were observed from the charge capture species. The offset is due to the additional proton that is present, and as charge has been accounted for, the spacing remains the same. The presence of the complete a and x series through both fragmentation and neutral losses shows clear back bone coverage. The x series fragmentation line has a neutral loss line above it colored pink, which spans another 2 monomer mass units. Fragmentation of the ethyl functionalized xanthate group meant all of the monomer units were accounted for when the neutral loss is included as part of the fragmentation series. With both a and x fragmentation accounted for, complete coverage of the polymer was carried out.
The x series for the hydrogen initiated polyoxazoline is equal to that of the methyl initiated polyoxazoline as they form the same fragments. The x series spans from x2 to x22 at a MKMD value of 0.149. The x series also exhibited the presence of the neutral loss series directly above them. The x neutral fragment series covers fragmentation from x19 -x23.The a series fragmentation was at an MKMD value of -0.243, colored pink, this fragmentation series, therefore, varies from the methyl initiated polyoxazoline as the end group was a hydrogen and not a methyl initiator. The fragmentation coverage was very similar, with the fragmentation coverage from a2 to a23 as well as being able to visualize the presence of neutral losses present at a20 -a23. These two diagrams combined allow an easy method of visualizing the differences between the fragmentations of the two polymers analyzed.
Internal fragments are seen at other MKMD values (light blue), the larger internal fragment series could be assigned to numerous fragmentation pathways that are shown in the supplementary information. Internal fragmentation pathways offer some analytical use as their relative size suggests an unmodified -unbroken polyoxazoline chain.
Neutral loss fragments, colored orange are shown to have a high deviation away from the precursor in MKMD space due to the large difference in heterogeneity the end groups have compared to the monomer repeat unit. Aliasing of the neutral losses can be seen by the diagonal line moving from -0.5 to 0.5 MKMD values. This effect means that the direct translation from a MKMD value to a mass defect value is more difficult but doesn't affect the overall grouping of ions together.
In conclusion, the use of electron capture dissociation to analyze polyoxazolines has been shown to be effective in achieving end group and primary structure characterization. The fragmentation coverage means that any modification made to polyoxazolines could be accurately characterized using this method of analysis. The loss of the end groups as neutral loss species greatly assisted in the identification of the terminal methyl and xanthate end groups. A significant benefit was also shown by the use of high resolution modified Kendrick mass defect graphs as a way to analyse these complex polymer fragmentation spectra. Separating different fragmentation routes as well as identifying ways to achieve complete backbone characterisation of the polymer due to closely related groups, based off of their MKMD value. This helps to speed up the analysis time as well as being a useful tool for visualization of fragmentation spectra of polymers.
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